Abstract: A review of using Griess Reaction method to determine nitric oxide production in biological systems.
Introduction
Nitric oxide (NO) plays essential roles in mammalian life [1, 2] . Synthesis of this seemingly most simple molecule involves one of the most complicated enzymes in nature, the nitric oxide synthase (NOS), which contains several cofactors and is highly regulated [3] . Multiple physiological and pathophysiological functions of nitric oxide are achieved by using diverse classes of NOS (neuronal NOS, endothelial NOS, inducible NOS and mitochondria NOS). Unregulated production of nitric oxide can cause nitrosative stress, leading to damages of proteins/DNA and to cell injury and death [4, 5] . Indeed nitric oxide has shown to be involved in a number of important human diseases. Inspired by pioneering work of Furchgott, Ignarro and Murad, nitric oxide has been becoming one of the most studied molecules since last decade. Existence of nitric oxide in biology is not limited to mammalian life. Its production and its important roles have also been demonstrated in plants and bacteria [6, 7] .
Measurement of nitric oxide in biological systems needs careful considerations. Nitric oxide is rapidly oxidized to nitrite and/or nitrate by oxygen. The half-life of nitric oxide in biological matrix is very short, ranging from less than 1 second in the presence of hemoglobin to ~30 seconds [8] [9] [10] . Nitric oxide can be measured in situ by using fast-response amperometric electrode sensors [11, 12] and by using in-vivo trapping techniques with fluorescent or EPR-active reporter molecules [13, 14] . Alternatively, integrated nitric oxide production can be estimated from determining the concentrations of nitrite and nitrate end products. The measurement of nitrate/nitrite concentration or of total nitrate and nitrite concentration (NOx) is routinely used as an index of NO production [15] . Interestingly, before endogenous NO production was realized, pioneering work of Tannenbaum and coworkers (measuring nitrate concentration in urine) established that there were excessive amount of nitrate production above dietary intake, which was further stimulated by inflammation [16] . Current understanding of nitric oxide synthesis and metabolism provides an explanation of their observation. Here we will review Griess Reaction assay technique to determine nitrite concentration in biological matrixes, and related techniques of quantitative reduction of nitrate to nitrite. Our special emphasis is on commercial bench-top assay kits.
Nitrate and/or nitrite can be quantified directly by UV absorbance measurement, GC-MS, HPLC, ion-selective electrodes and capillary electrophoresis. Due to expense, time-consuming procedures and/or limitations in sensitivity of these methods, total NOx is typically determined by converting nitrate into nitrite followed by measuring total amount of nitrite in the sample. In this widely used practice, nitrite concentration is typically measured by a number of additional well-known methods such as colorimetric Griess assay [15, 17] , fluorescent assays [13, 18] , chemiluminescence assay [19] and electrochemical detection [11] . To determine nitrate concentration specifically, the same sample is measured twice separately with and without a reducing agent. The difference of concentrations between NOx and nitrite is taken as the concentration of nitrate.
Griess Reaction Assay
Griess Reaction was first described in 1879 [20, 21] . Because of its simplicity, it has been used extensively in analysis of numerous biological samples including plasma (serum), urine, CSF, saliva and cell culture media [17] . In this method, nitrite is first treated with a diazotizing reagent, e.g., sulfanilamide (SA), in acidic media to form a transient diazonium salt. This intermediate is then allowed to react with a coupling reagent, N-naphthyl-ethylenediamine (NED), to form a stable azo compound. The overall reaction is described in the scheme below. The intense purple color of the product allows nitrite assay with high sensitivity and can be used to measure nitrite concentration as low as ~0.5 µM level. The absorbance of this adduct at 540 nm is linearly proportional to the nitrite concentration in the sample.
Because of the two-step nature of the Griess Reaction, variations exist among published Griess Reaction assays. For example, SA and NED can be pre-mixed in an acid medium before reacting with nitrite. Yet in a different version, after reacting nitrite with SA in acidic medium, NED is added 10 minutes later. The most popular version seems to be the sequential method in which nitrite is mixed with SA first, followed immediately by addition of NED. This method seems to give highest yield of the chromophore, and therefore most sensitive way to perform Griess Reaction assay [22, 23] . This approach is adopted in most commercial kits.
Nitrate Reduction
The reduction of nitrate to nitrite is often accomplished by treating samples with chemical reductants (e.g., cadmium, zinc and hydrazine) or bacterial nitrate reductase (NR) enzymes. Some of these methods are not reliable. For example, zinc is too reactive that it can further reduce resultant nitrite. For applications in biological samples, literature is dominated by reduction methods based on cadmium and NR enzymes [17, [22] [23] [24] [25] . Most recently, a Griess Reaction assay has been described in which VCl 3 was used as a reductant [26] . This is an interesting alternative, however, instability of VCl 3 solution probably requires frequent checks and limits shelf-life when provided in a reagent kit format.
Cadmium has a reduction potential of -0.403 V. On the other hand, redox potential of nitrate/nitrite couple is dependent on pH ranging from 0.94 V in acidic solution to 0.015 V in basic solution. Therefore, reduction reaction of nitrate into nitrite by cadmium is thermodynamically favorable [27] . It is also thermodynamically possible for cadmium to reduce nitrite further into lower oxidation states. However all these reduction reactions are slow due to kinetic barriers. Nitrate-to-nitrite conversion efficiency therefore depends on time of mixing, cadmium surface area/sample volume ratio, pH and other factors. A metallic copper layer has been shown to catalyze the reduction process of nitrate to nitrite. This copperized cadmium method is one of the most popular methods among researchers [17, 28, 29] . In this method, cadmium is exposed to CuSO 4 solution, Cu 2+ is reduced on the cadmium surface to form a porous metallic copper "coat". This copper layer facilitates electron transfer from cadmium to nitrate [27] . The nitrate to nitrite conversion can then be achieved rapidly using a relatively small surface area. The overall reaction in a mild alkaline solution can be described as following:
It takes granules cadmium pellets several hours to reduce ~100 nmoles of nitrate. In comparison, powder form of cadmium can reduce same amount of nitrate in several minutes. Copperized granules cadmium pellets can also achieve this reduction in several minutes. However, copperized powder cadmium is too reactive that reduction end product nitrite is further reduced to give an apparent low yield in Griess Reaction assay. Therefore exact experimental conditions (surface area/sample volume ratio, speed and time of mixing etc.) are crucial for quantitative nitrate reduction. One of the early papers described a successful strategy of using high-pressure cadmium column in conjunction with the automated Griess Reaction assay system in analyzing a variety of biological samples [27] . The cadmium and copperized cadmium techniques remain the choice of nitrate to nitrite reduction among many researchers. The materials with consistent quality are readily available, and remain stable for long period of time. The metal can be cleaned and reused. However, reduction efficiency seems to decline after several cycles of usage. Most recently, copper-cadmium alloy was reported to be able to reduce nitrate into nitrite within one hour [30] . One of the drawbacks of using cadmium is the toxicity associated with the metal. Commercial kits using both cadmium and copperized cadmium method are available.
Bacterial NR enzyme catalyzes the reduction of nitrate by NADPH as shown below [24] . This
method has been widely used in NOx determination in biological samples. However, it has been discovered that NADPH interferes with subsequent Griess Reaction [22] . Methods have developed to convert NADPH into NADP + by using lactate dehydrogenase (LDH) or pyruvate dehydrogenase.
Verdon et al. presented evidence that both NADPH and NAPD + can interfere with Griess Reaction [22] . Their preferred method is to use the limited amount of NADPH/NAPD + and to use a second enzyme glucose-6-phosphate dehydrogenase simultaneously in the assay system to recycle NADPH. NR from plants and fungi can use NADH as the cofactor instead of NADPH [31] . However, NADH is similar to NADPH in redox properties and its quantity must be limited in the assay system. Enzymatic reduction is slightly less laborious than cadmium reduction method. Disadvantages of the enzymatic method include incomplete nitrate reduction at high concentration range and batch variations related to enzyme activity changes in different preparations and during storage [32] . Enzymes and cofactors usually need to be stored frozen separately from other reagents. Available commercial kits use both NADPH and NADH as the cofactor for NR. Some kits use LDH to decompose NADPH after nitrate reduction is complete, others use proprietary technology to decompose NADPH during nitrate reduction.
Sample preparation and other considerations
Biological samples such as plasma (serum) has a high content of protein and high turbidity. Deproteinization step is necessary in the Griess Reaction assay for such samples [15] . Because nitrite can be converted into nitric oxide and nitrogen dioxide gases under acid condition, acid protein precipitation methods promote the loss of nitrite and should be avoided at any cost for Griess Reaction assay [26] . Early works used Carrez Reagent (zinc acetate + potassium ferrocyanide), alumina cream, zinc sulfate/NaOH and similar reagents to deproteinize samples [33] . In a strict sense, these reagents are merely clearing agents because they removes fatty material, particular substance and varying amount of proteins by occlusion. In terms of protein removal, Carrez method eliminate about 85% of protein from samples. As a comparison ZnSO 4 and other earlier chemical methods remove ~50% protein. However, zinc sulfate method is effective in preventing the formation of precipitate/turbidity in subsequent Griess Reaction even in samples with high protein content such as plasma. The zinc sulfate based methods are satisfactory to many researchers and are still very polular [15, 29] . Guevara et al. reported reduced reproducibility at high nitrate concentration (>50 µM) when ZnSO 4 method was used in conjunction with NR/NADPH method [23] . We did not observe such a phenomenon with ZnSO 4 /copperized cadmium procedures. Another widely used deproteinization method utilizes centrifuge membrane filters that retain protein, other large molecular weight molecules and particular material. The solutions passed through the membrane filter are collected and are used for Griess Reaction assay. This procedure involves washing centrifuge filters before adding samples. For plasma or serum samples, actual centrifugation typically takes 1 -3 hours. This procedure is more laborious than chemical methods, but the samples are not diluted for Griess Reaction assay. Deproteinization of biological samples can also be accomplished by using methanol/diethylether) [23] .
A number of endogenous and exogenous compounds can interfere with Griess Reaction assay. These compounds include ascorbate, reduced thiols, phosphate, N G -nitro-L-arginine and heparin [28, [33] [34] [35] [36] [37] . Most of these compounds can cause interference in both enzyme-reduction and cadmiumreduction methods. Heparin has been known to interfere only in the enzyme-based assay. Methods of eliminating the interference are available [28, 33] . For example, ZnSO 4 deproteinization procedure can also reduce interference from ascorbate and phosphate [28] . When NOx concentration is sufficiently high, samples can simply be diluted to limit some interference to a negligible level. Commercial kits generally do not contain procedures to remove interfering compounds. Users are urged to study percentage of recovery when a new type of sample is assayed. This can be accomplished by adding a fixed amount of nitrate or nitrite standard to a sample and by determining the difference of the NOx concentrations with commercial kits. Contamination of nitrate in chemicals/reagents is also of concern. For example, anticoagulants used for blood collection were shown to contain variable levels of nitrate and nitrite, depending on manufacturer [38] . Some cell culture media contain relatively high level of nitrate; observation of very small amount of NOx production in such media could be difficult. When samples contain ultra low levels of NOx are analyzed, caution should be exercised to take into consideration of contamination even in laboratory ware such as microcentrifuge tubes, disposable pipette tips and ultrafiltration membranes [38] . Dust also contains a significant level of nitrate; experiments should be performed in a relatively dust-free area with duplicate or triplicate tests.
Commercially Available Griess Reaction Kits
Because of the increased demand for the analysis of nitrate and nitrite in biological samples, more vendors made Griess Reaction assay kit available to researchers in recent years. Following table summarizes current kit providers and their main features. To date, there is no systematic study to compare the performance of Griess Reaction kits from different vendors. Basic variations are nitrate reduction method (Cadmium-based or enzymatic) and deproteinization procedures (chemicals or ultrafiltration). Generally, cadmium-based kit gives larger linear measurement range (≥ 100 µM). Enzymatic kits typically has decreased reduction yield at ~40 µM or above. However, "classic" cadmium-based methods are slightly labor-intensive. Deproteinization with chemical methods is cheaper and faster. Centrifuge filtration is more expensive and more time-consuming but does not dilute samples. Depends on anticipated level of NOx and laboratory equipment, users have to decide which commercial kit is most suitable for a particular type of sample. 
Conclusions
Commercial Griess Reaction kits for the determination of total nitrate and nitrite concentration as an index of nitric oxide production in biological samples are widely available at a very reasonable cost. These kits utilize either cadmium or nitrate reductase to reduce nitrate into nitrite. Biological matrixes are complex and Griess Reaction is prone to interferences, users should assess suitability of a commercial kit for the specific type of samples on hand. Strict control and care are required to generate valid analytical data even when commercial reagent kits are used.
